Kotlo KU, Hesabi B, Danziger RS. Implication of microRNAs in atrial natriuretic peptide and nitric oxide signaling in vascular smooth muscle cells. Am J Physiol Cell Physiol 301: C929 -C937, 2011. First published July 6, 2011; doi:10.1152/ajpcell.00088.2011 are endogenous small RNA molecules that suppress gene expression by binding to complementary sequences in the 3= untranslated regions of their target genes. miRs have been implicated in many diseases, including heart failure, ischemic heart disease, hypertension, cardiac hypertrophy, and cancers. Nitric oxide (NO) and atrial natriuretic peptide (ANP) are potent vasorelaxants whose actions are mediated through receptor guanylyl cyclases and cGMP-dependent protein kinase. The present study examines miRs in signaling by ANP and NO in vascular smooth muscle cells. miR microarray analysis was performed on human vascular smooth muscle cells (HVSMC) treated with ANP (10 nM, 4 h) and S-nitroso-N-acetylpenicillamine (SNAP) (100 M, 4 h), a NO donor. Twenty-two shared miRs were upregulated, and 21 shared miRs were downregulated, by both ANP and SNAP (P Ͻ 0.05). Expression levels of four miRs (miRs-21, -26b, -98, and -1826), which had the greatest change in expression, as determined by microarray analysis, were confirmed by quantitative RT-PCR. Rp-8-Br-PET-cGMPS, a cGMPdependent protein kinase-specific inhibitor, blocked the regulation of these miRs by ANP and SNAP. 8-bromo-cGMP mimicked the effect of ANP and SNAP on their expression. miR-21 was shown to inhibit HVSMC contraction in collagen gel lattice contraction assays. We also identified by computational algorithms and confirmed by Western blot analysis new intracellular targets of miR-21, i.e., cofilin-2 and myosin phosphatase and Rho interacting protein. Transfection with pre-miR-21 contracted cells and ANP and SNAP blocked miR-21-induced HVSMC contraction. Transfection with anti-miR-21 inhibitor reduced contractility of HVSMC (P Ͻ 0.05). The present results implicate miRs in NO and ANP signaling in general and miR-21 in particular in cGMP signaling and vascular smooth muscle cell relaxation. guanosine 3=,5=-cyclic monophosphate miR-21 MICRORNAS (MIRS) HAVE EMERGED as a novel class of endogenous small RNA molecules that negatively regulate ϳ30% of genes in the cell by annealing with complementary sequences in the 3= untranslated regions of their target mRNAs. More than 1,000 miRs have been identified in the human genome. A single miR can regulate hundreds of functional targets, and, similarly, a single mRNA can be targeted by multiple miRs in a cell (2). Recent evidence suggests roles for miRs in diverse processes including cell differentiation and proliferation (3, 19, 22) . Aberrant expression of miRs has been linked to developmental abnormalities and pathologies, including cardiac hypertrophy, hypertension, ischemic heart disease, heart failure, and cancers (8, 24, 33, 56, 68, 69) .
guanosine 3=,5=-cyclic monophosphate miR-21 MICRORNAS (MIRS) HAVE EMERGED as a novel class of endogenous small RNA molecules that negatively regulate ϳ30% of genes in the cell by annealing with complementary sequences in the 3= untranslated regions of their target mRNAs. More than 1,000 miRs have been identified in the human genome. A single miR can regulate hundreds of functional targets, and, similarly, a single mRNA can be targeted by multiple miRs in a cell (2) . Recent evidence suggests roles for miRs in diverse processes including cell differentiation and proliferation (3, 19, 22) . Aberrant expression of miRs has been linked to developmental abnormalities and pathologies, including cardiac hypertrophy, hypertension, ischemic heart disease, heart failure, and cancers (8, 24, 33, 56, 68, 69) .
The potential role of miRs in vascular smooth muscle cell (VSMC) biology and blood pressure is just beginning to be appreciated. Both miR-143 and miR-145 control phenotype switching of smooth muscle cells by modulating actin dynamics. Mice lacking miR-143 and miR-145 develop significant reduction in blood pressure due to reduced vascular tone (68) . Myocardininduced miR-1 represses the expression of contractile proteins and thereby inhibits contraction of VSMCs (26) . miR-126 regulates angiogenesis (65) . miR-21, miR-221, and miR-222 trigger VSMC proliferation (8, 11) . Additionally, miR-21 may inhibit VSMC contraction based on predicted downstream targets, including myosin phosphatase and Rho interacting protein (M-RIP) (30, 47) and cofilin-2 (CFL-2) (1).
Atrial natriuretic peptide (ANP) and nitric oxide (NO), also known as endothelial-derived relaxant factor, are endogenous physiological VSMC relaxants and inhibitors of proliferation (18, 37) . The principal receptors for both NO and ANP are guanylyl cyclases. NO-stimulated guanylyl cyclases are a ubiquitous family of heme-containing heterodimers (␣-and ␤-subunits of ϳ80 and 70 kDa, respectively) (17, 31, 36) . The receptor for ANP is a membrane-bound homodimeric guanylyl cyclase (GC-A) (20) . The primary intracellular effector for cGMP formed by these enzymes is cGMP-dependent kinase (cGK) (23, 54, 55, 63) . VSMCs express cGK1␣ and cGK1␤ (14) . cGK inhibitors have been shown to block the relaxation and inhibition of proliferation of VSMC by ANP and NO agonists (32, 61) . Proteins phosphorylated by cGK, which have been implicated in smooth muscle cell relaxation, include inositol 1,4,5-trisphosphate receptor type I-associated cGMP kinase substrate (5, 53) , myosin phosphatase 1 (67), phosphodiesterase (PDE)-5 (50), cystic fibrosis transmembrane conductance regulator chloride channel (64), RhoA (13) , and vimentin (46) .
The present studies were performed to determine whether miRs are regulated by and/or involved in signaling by ANP and NO in VSMCs.
MATERIALS AND METHODS
Materials. S-nitroso-N-acetylpenicillamine (SNAP), isobutyl methyl xanthine (IBMX), Rp-8-bromo-␤-phenyl-1,N 2 -ethenoguanosine 3=,5=-cyclic monophosphothioate (Rp-8-Br-PET-cGMPS), 8-bromo-cGMP, and ANP were purchased from Sigma Chemical. Human aortic smooth muscle cells were purchased from Life Line. Pre-miR control, control miR inhibitor, pre-miR-21 and anti-miR-21 inhibitor, and TaqMan miR assays were purchased from Applied Biosystems. A commercial kit for collagen gel lattice contraction assay was from Cell Biolabs. cGMP assay kit was purchased from Assay Designs.
Cell culture and transient transfections. Human aortic smooth muscle cells were maintained in DMEM supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO 2. Early passage cells (passage 3-6) were used throughout the studies. Cells were grown to 70% confluence in DMEM-10% fetal bovine serum and then switched to DMEM without serum for 24 h to maintain quiescence. Cells were cultured in low serum (2.5%) containing DMEM. Transfections with 50 nM each of pre-miRs and anti-miR inhibitors were performed with lipofectamine 2000 (Invitrogen) as per manufacturer's instructions. cGMP assay. Intracellular cGMP was measured as previously described (34) . Cultured human VSMCs (HVSMCs) pretreated with IBMX (100 M, 30 min) were incubated with ANP (10 nM, 4 h) and SNAP (100 M, 4 h). Cells were lysed with 0.1 N HCl. cGMP was measured using a commercially available enzyme immunoassay kit purchased from Assay Design (Ann Arbor, MI). cGMP was normalized to total protein determined by Bradford. miR microarray assay. miR microarray assay was performed as described (25) . Fluorescence images were collected using a laser scanner (GenePix 4000B, Molecular Device) and digitized using Array-Pro image analysis software (Media Cybernetics). Data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (locally-weighted regression). For two-color experiments, the ratio of the two sets of detected signals (log2 transformed, balanced) and P values of the t-test were calculated; differentially detected signals were those with Ͻ0.01 P values.
Quantitative real-time PCR. Quantitative real-time (qRT)-PCR for mature miRs-21, -26b, -98, and -1826 was performed on cDNA generated from 50 ng of total RNA using the protocol of the TaqMan miR assays (Applied Biosystem). Amplification and detection of specific products were performed with a Light Cycler 480 detection system (Roche Applied Science). As an internal control, small nuclear RNA 48 (RNU48) was used for miR template normalization. Fluorescent signals were normalized to an internal reference, and the threshold cycle (C t) was set within the exponential phase of the PCR. The relative gene expression was calculated by comparing cycle times for each target PCR. The target PCR Ct values were normalized by subtracting the RNU48 Ct value, which provided the ⌬Ct value. The relative expression level between treatments was then calculated using the following equation: relative gene expression ϭ 2 Ϫ(⌬CtsampleϪ⌬Ctcontrol) . Collagen gel lattice contraction assay. A standard kit assay was used (Cell Biolabs) (43) . Two parts of cells were mixed with eight parts of collagen gel lattice mixture and plated for 1 h at 37°C. After the gel was polymerized (ϳ1 h), 1 ml of medium was added and incubated for 2 days. Next the gels were released from the sides of wells, and 24 h later the images were taken at various time points. The Fold expression of different microRNAs (miRs) regulated by atrial natriuretic peptide (ANP)-and S-nitroso-N-acetylpenicillamine (SNAP)-treated human vascular smooth muscle cells (HVSMCs); n ϭ 3 for each group. P Ͻ 0.05 in ANOVA analysis vs. control. area of the gel lattices was determined with Image J software, and the relative lattice area was obtained by dividing the area of the well 24 h after detachment by the initial area of the well.
Proliferation assay. Proliferation assay was performed using CellTiter 96 aqueous nonradioactive cell proliferation assay kit form Promega. This assay is a colorimetric method in which 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt is bioreduced by cells into a formazon product that is soluble in tissue culture medium and can be measured at 490 nm. Western blot analysis. Equal amounts of protein were subjected to 10% SDS-PAGE. The proteins were transferred to a nitrocellulose membrane and then blocked in a Tris-buffered saline-Tween (TBS-T) solution (20 mM Tris, 140 mM NaCl, and 0.05% Tween 20, pH 7.6) with 5% nonfat milk. After two washes, the membrane was incubated with primary antibodies such as anti-mouse monoclonal CFL-2 (1: 500), anti-rabbit polyclonal M-RIP (1:500), monoclonal cGK-1 (1: 500), or monoclonal tubulin (1:1,000) antibodies. The membrane was then washed three times in TBS-T and incubated for 1 h with peroxidase-linked anti-rabbit or anti-mouse secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:2,000 in TBS-T. After three additional washes in TBS-T, the membrane was incubated for 1 min with ECL detection reagents (Amersham) and exposed to X-ray film (Kodak) for varying times to obtain desirable band intensity within linear range and optimal saturation. The bands were quantified by National Institutes of Health image analysis. For analysis, band densities were normalized to tubulin.
Identification of miR-21 targets. We used several computational algorithms, including target scan, Pic Tar, miR data base, and miRgen, and searched for evolutionarily conserved targets (21, 35) .
Statistics. Values are expressed as means Ϯ SD. Differences among groups are determined by ANOVA two-factor for repeated measurements. Results were considered significant at P Ͻ 0.05.
RESULTS

ANP-and SNAP-induced changes in miRNAs.
HVSMCs were incubated with broad spectrum PDE inhibitor, IBMX (100 M ϫ 30 min) to prevent the degradation of cGMP by PDEs followed by ANP (10 nM, 4 h) or NO donor, SNAP (100 M, 4 h). Under these conditions, ANP and SNAP produced equal increases in intracellular cGMP (Fig. 1 ). miRNAs were isolated and subjected to microarray analysis using human miRNA microarray Sanger version 15. Out of 1,090 miRNAs arrayed, 22 shared miRs were upregulated and 21 shared miRs were downregulated by both ANP and SNAP (P Ͻ 0.05) (Fig. 2 , Table 1 ). ANP upregulated six and downregulated seven miRs compared with that of SNAP treatment (P Ͻ 0.05) ( Table 2) . Four miRs, miR-21, miR-26b, miR-98, and miR-1826, had the greatest change in expression, as determined by miR microarray analysis, and were confirmed by qRT-PCR (Fig. 3, top , P Ͻ 0.01). Although miR-98 showed greater reduction in expression than that of miR-21, we pursued with miR-21, as it has been widely implicated in cardiovascular disorders.
ANP-and SNAP-induced changes in miRNA expression are mediated by cGMP signaling. To determine whether miRs regulated by SNAP and ANP are dependent on cGMP and cGK signaling, the effects of the 8-bromo-cGMP, a cell-permeable form of cGMP, and the cGK-specific inhibitor Rp-8-Br-PETcGMPS on ANP-and SNAP-induced changes in miRs-21, -26b, -98, and -1826 abundance were examined. Rp-8-Br-PETcGMPS (25 M ϫ 30 min) increased miR-21, miR-98, and miR-26b levels and reduced miR-1826 levels significantly (Fig. 3 , bottom, Rp-8-Br-PET-cGMP). Treatment of VSMCs with 8-bromo-cGMP (100 M ϫ 30 min) decreased the expression of miRs-21, -26b, and -98, and increased the expression of miR-1826 expression (Fig. 3, bottom, 8-bromocGMP) . Together, this indicates that the SNAP-and ANPmediated changes in miR expression are dependent on cGMP/ cGK signaling in the cell. 
miR-21 contracts HVSMCs.
To determine the effect of miR-21 on contractility, HVSMCs were transfected with either 1) precursor miR-21 (pre-miR-21) (50 nM, 48 h), or 2) antimiR-21 inhibitor (50 nM, 48 h). Contractility was measured using a collagen gel lattice contraction assay. Negative control miRs (precursor miR and anti-miR inhibitor) did not significantly affect contraction. Pre-miR-21 caused contraction of HVSMC by 51 Ϯ 4.9% and anti-miR-21 inhibitor enhanced relaxation of HVSMC by 43 Ϯ 6.8% (Fig. 4, A and B , top panels, P Ͻ 0.05).
In a second set of experiments, the role of miR-21 in ANPand SNAP-mediated decreases in VSMC contractility was determined. ANP (10 nM, 4 h) and SNAP (100 M, 4 h) induced relaxation of HVSMC by 48 Ϯ 7.9% and 44.2 Ϯ 6.5%, respectively (Fig. 4, A and B , top panels, P Ͻ 0.05). Treatment of the HVSMC with ANP and SNAP blocked contraction by pre-miR-21 by 39.5 Ϯ 5.2% and 32.7 Ϯ 4.9% (Fig. 4, A, middle panel, and B, bottom panel) . In anti-miR-21 inhibitor-treated cells, the effect of ANP and SNAP was marginal and not significant (Fig. 4A, bottom panel) .
Since miR-21 has been widely implicated in VSMC proliferation, we next examined whether miR-21 has any effect on HVSMC proliferation. Pre-miR-21 increased HVSMC proliferation compared with that of control pre-miR ( Fig. 4C, P Ͻ 
0.05).
Identification and empirical confirmation of miR-21 target genes. Computational algorithms, including target scan (www.targetscan.org), Pic Tar (pictar.mdc-berlin.de), miR data base (mirdb.org/miRDB/), and miRgen (diana.pcbi.upenn.edu/ cgi-bin/miRGen/v3/Targets.cgi), were used to identify evolutionarily conserved targets (21, 35) . Novel potential targets of miR-21 identified include M-RIP (30) and CFL-2 (1). To empirically evaluate these targets, HVSMC were transfected with pre-miR-21-and miR-21-specific inhibitor for 48 h, and protein levels of M-RIP and CFL-2 were analyzed by Western blot analysis. Pre-miR-21 decreased (P Ͻ 0.05) the expression of M-RIP and CFL-2 (2.5-and 2-fold), respectively, and miR-21 inhibitor increased M-RIP and CFL-2 expression (2.5-and 3.5-fold, respectively) (Fig. 5) .
miRs often mediate feedback loops (4). We examined whether miR-21 has any effect on cGMP/cGK signaling. Computer algorithms predicted cGK1 as one of the targets of miR-21. Western blot analysis on the extracts prepared from cells transfected with pre-miR-21 and anti-miR-21 decreased and increased the expression of cGK1 compared with those of their respective controls (Fig. 5) .
DISCUSSION
In the present studies, miRNA microarray profiling identified 22 and 21 shared miRs whose expression was increased and decreased, respectively, by both SNAP and ANP in HVSMC. Out of these miRs, four are regulated similarly by ANP and SNAP and are cGMP/cGK dependent. These miRs target genes important for HVSMC contraction (Table 3 ). Thus our studies provide an ensemble of functional miRs regulated by ANP and SNAP that play a role in VSMC relaxation.
Six and seven miRs are up-and downregulated by ANP only, but not SNAP ( Table 2) . Some of these have functional significance. miR-92 plays a role in heart failure (58), and miR-15 has been implicated in cardiovascular disorders (15) . Myocardial expression of miR-27b is increased during heart development (9), and miR-29a plays an important role in heart remodeling and reverse remodeling (66) . However, the role of these miRs in vascular biology is yet to be determined. We report that the expression of four miRs, i.e., miRs-21, -26b, -98, and -1826 is regulated by ANP/NO signaling via cGK. We focused on miR-21 in the present study, as it plays a pivotal role in cardiovascular disorders. miR-21 expression is downregulated by ANP/NO/cGK signaling, and miR-21 enhances SMC contractility in a collagen gel contraction assays, likely through inhibiting the expression of proteins important for VSMC relaxation. The present results are the first to implicate miRs in general and miR-21 in particular in ANP and NO signaling.
Our results suggest that the regulation of the expression of miRs by both NO and ANP signaling is dependent on cGMP/ cGK. The mechanism underlying the regulation of miRs by cGK may involve phosphorylation of RNA binding proteins, such as hnRNPA1, that specifically binds to the terminal loop region of miRs and regulates its processing (41) . In agreement with this is the finding that SMAD-1, -3, and -5 interact with p68 RNA helicase subunit to enhance processing of primary miR-21 transcript in VSMC stimulated with transforming growth factor-␤ (10). Alternatively 3= adenylation of miRs by poly A polymerase might stabilize those miRs (28) .
The present results also show that miR-21 contracts smooth muscle cells. ANP and SNAP abrogate miR-21-induced HVSMC contraction. miR-21-induced HVSMC contraction is likely mediated by its effect on target genes. Therefore, we identified the targets by computational algorithms, such as target scan, Pic Tar, miR database, and miRgen, which include M-RIP (30) and CFL-2. These targets are empirically confirmed by Western blotting. The identified targets have been shown to relax VSMC. CFL-2 has been shown to relax VSMC by inhibiting actin polymerization (29, 39) . M-RIP induces VSMC relaxation by reducing actin stress fibers, recruiting myosin light chain phosphatase to the stress fibers, where it dephosphorylates myosin light chain, leading to VSMC relaxation (30, 47) . ANP and SNAP blocked miR-21-induced HVSMC contraction. Since cGK1 is the target of miR-21 (Fig.  5) , we presume that ANP/cGMP/cGK and SNAP/cGMP/cGK reduce the expression of miR-21, inhibiting the effect of miR-21 on cGK1 expression, and increasing the expression of miR-21 targets to facilitate HVSMC relaxation (Fig. 6) .
We show that miR-21 promotes HVSMC contraction (Fig.  4, A and B) and proliferation (Fig. 4C) . Similarly, ghrelin, a natural ligand of growth hormone secretagogue receptor, inhibits angiotensin II-induced contraction and proliferation of human aortic smooth muscle cells (49) . miR-21 has been reported to trigger HVSMC proliferation by downregulating proapoptotic genes, e.g., programmed cell death-4 and phosphatase and tensin homology deleted from chromosome 10 (25, 70) and induce cardiomyocyte growth by targeting sprouty-1 (62) .
Since miR-21 increases VSMC contraction, we presume that it plays a role in the regulation of vascular tone and arterial blood pressure. There are lines of evidence that miR-21 plays a key role in cardiovascular disorders, such as proliferative vascular disease, cardiac hypertrophy, and heart failure (8). Asymmetric dimethylarginine, an endogenous NO synthase inhibitor, has been reported to increase miR-21 expression in angiogenic progenitor cells (16) . miR-21 levels are increased in mouse hearts at 7, 14, and 21 days after aortic banding and in cultured neonatal hypertrophic cardiomyocytes stimulated by angiotensin II or phenylephrine (6) . miR-21 levels have been reported to be increased in rat hearts at 6 and 24 h after acute myocardial infarction (8) . Cardiac stress induced in vitro by hydrogen peroxide treatment in neonatal cardiomyocytes resulted in the upregulation of miR-21 levels (7). miR-21 levels are elevated in cardiac fibrosis in pressure-overload mouse model, and knockdown of miR-21 by miR-21 inhibitor subdued interstitial fibrosis and improved cardiac function by activating sprouty-1, a negative regulator of ERK-MAP kinase pathway (62) . However, recently, it has been shown that miR-21 null mice are normal, and miR-21 is not essential for pathological cardiac remodeling in rodents (45) . Further studies will be performed with other types of vascular cells, such as coronary artery smooth muscle cells and A10 rat VSMCs to strengthen the effect of NO and ANP on miR expression in VSMC.
Growing lines of evidence suggest that miR-21 plays a key role in the pathogenesis of cardiovascular disorders. Our findings that miR-21 regulates VSMC contraction raises a possibility that miR-21 could be a potential therapeutic target for hypertension.
